ABSTRACT: Polyoxometalate clusters possess unique catalytic and electromagnetic properties. The structure and function of polyoxometalates is dictated by complex oligomerization processes, which in turn depend on the solution conditions. In this work, small gas-phase polyoxomolybdate nanoclusters (HMo n O 3n+1 1− , n = 1−8, and Mo n O 3n+1 2− , n = 2−8) were investigated after nanoelectrospray of an acidified solution of ammonium heptamolybdate heptahydrate by ion mobility spectrometry−mass spectrometry (IMS−MS), infrared multiple photon dissociation (IRMPD) spectroscopy, and infrared action spectroscopy in helium nanodroplets. The spectra and collision cross sections obtained were matched to predictions from density-functional theory (DFT) to unravel the structural progression of nanoclusters with increasing size. For doubly charged clusters, transitions among chain (n = 2−3), ring (n = 4−5), and compact (n ≥ 6) structures are observed in IMS−MS and IR spectroscopy experiments, in agreement with low-energy structures from DFT calculations. For singly charged clusters, reduced Coulombic repulsion and hydrogen bonding interactions are found to strongly influence the most stable cluster structure. Notably, a noncovalent ring structure is observed for HMo 3 O 10 1− , stabilized by a strong intramolecular hydrogen bond, and a compact structure is observed for HMo 5 O 16 1− , in contrast to the ring structure favored for Mo 5 O 16 2− .
■ INTRODUCTION
Polyoxometalate (POM) clusters of early transition metals such as vanadium, molybdenum, and tungsten are of great interest, because their wide range of electromagnetic, optical, and catalytic properties have opened new research avenues in numerous fields, including materials science, 1 inorganic catalysis, 2−4 molecular electronic devices, 5 and therapeutics. 6 POMs form by condensation reactions in solution, and variation of the reaction conditions can result in clusters ranging in size from nano to micrometers that exhibit a variety of structural motifs. In the solid state, there are several wellknown, stable motifs, such as Keggin, 7 Anderson, 8, 9 Dawson, 10 , 11 and Lindqvist 12,13 structures, which feature welldefined POM clusters ideal for the aforementioned applications.
The functional properties of nanostructured POM-derived materials are strongly affected by the oligomerization pathways in solution, which are initiated by the dynamic self-assembly reactions of oxyanions in acidic media. However, their growth and assembly mechanisms, especially in the early stages of condensation, are largely unclear, as the polydisperse nature of POM clusters impedes facile characterization of the nucleation process. Specifically, standard condensed-phase techniques probe only the ensemble-average state of the wide range of cluster sizes, shapes, and charge states present, and the structures of individual clusters typically cannot be resolved.
This limitation can be overcome by employing complementary gas-phase techniques that utilize ion mobility spectrometry (IMS) and mass spectrometry (MS). The combination of these methods provides selection of clusters of well-defined sizes: IMS and MS are able to separate and isolate ions by their geometrical collision cross-section (CCS)-to-charge ratio (CCS/z) and mass-to-charge ratio (m/z), respectively. When utilized with electrospray ionization (ESI), which can transfer intact cluster ions from solution to the gas phase, IMS−MS can yield insight into the overall size and shape of each observed cluster ion. action spectroscopy to either MS alone or to IMS−MS provides vibrational spectra of clusters that are either m/z-or both m/z-and CCS/z-selected. Notably, infrared multiple photon dissociation (IRMPD) spectroscopy 16 combined with IMS−MS has been shown to provide high sensitivity and selectivity and has been utilized recently to investigate a range of biomolecular clusters. 17, 18 In addition, IR action spectroscopy of m/z-selected molecular ions captured and cooled to ∼0.4 K in helium nanodroplets has been demonstrated to yield well-resolved IR bands for complex species. 19, 20 The exceptionally high resolution of IR spectra of small ions encapsulated in helium nanodroplets provides a deeper insight into the internal structure of ions than available from IRMPD. 21, 22 The combination of CCS values and IR spectra provides a detailed picture of cluster structure that can be matched to predictions from electronic-structure theory calculations to elucidate structural details at the atomic level. 23 31, 34, 35, 37, 38 More recently, IMS−MS has been applied to obtain further insight into the geometric structure of POM clusters. 15,45−48 Similarly, IRMPD spectroscopy has been applied to unravel the structures of several metal and metal oxide cluster ions, including gold nanoclusters, 49, 50 iron oxide 51 and vanadium oxide clusters, 52 and tantalum and niobium oxide clusters. 53 These experimental studies are frequently accompanied by density-functional theory (DFT) calculations, which have a long history of successes in the investigation of the properties of metal oxides in bulk 54,55 and cluster models. 56−58 In the present work, we combine ESI-IMS−MS, IRMPD, IR spectroscopy in helium nanodroplets, and DFT to investigate the structures and the assembly process of early polyoxomolybdate cluster anions (HMo n O 3n+1 1− , n = 1−8, and Mo n O 3n+1 2− , n = 2−8). The combination of these techniques allows us to assess in detail the size and shape of each cluster as well as to evaluate the internal Mo−O bonding structure.
■ MATERIALS AND METHOD
All chemicals were obtained from Merck KGaA (Darmstadt, Germany). Aqueous solutions of ammonium heptamolybdate heptahydrate (35 mM) were prepared and adjusted to pH values of 9 or 3 by the addition of ammonium hydroxide or nitric acid.
The experimental setup utilized for IMS−MS and IRMPD experiments has been described previously, 59 , 60 and only a brief outline is given here. Gas-phase ions were generated from solution via a nanoESI source and transferred through a capillary inlet into the trapping region of the apparatus. Ions were then pulsed into a helium-filled (4−5 mbar) drift cell, where they were separated according to their CCS/z by the application of a weak electric field (10−15 V cm −1 ). After this ion mobility separation, a quadrupole mass filter was utilized for m/z selection. The time-dependent ion current of an m/zselected cluster ion was measured to obtain the arrival time distribution (ATD), which was subsequently utilized to determine the CCS. For IRMPD spectroscopy, ions were first selected according to their CCS/z and m/z and then irradiated by IR photons generated by the Fritz-Haber-Institut free-electron laser (FHI FEL). 61 The absorption of a sufficient number of resonant photons resulted in ion dissociation, which was monitored by time-of-flight (TOF) mass spectrometry. The IRMPD spectrum was obtained by plotting the IRinduced fragmentation yield as a function of IR wavelength.
The apparatus utilized to collect infrared action spectra of cluster ions captured in He nanodroplets has also been described in prior publications. 20, 62 In short, gas-phase cluster ions were produced by nanoESI, transferred to vacuum, and m/z-selected utilizing a quadrupole mass filter. The selected cluster ions were then transferred to an orthogonal hexapole ion trap by means of a DC ion bender and stored for several seconds. A pulsed beam of helium nanodroplets was directed through the ion trap, resulting in cluster-ion capture by the nanodroplets. Following evaporative cooling to an equilibrium temperature of ∼0.4 K, the nanodroplets with an entrained cluster ion contained on average 50 000 He atoms. 63 Due to their large kinetic energy, the charged nanodroplets were able to escape the shallow potential well of the ion trap and enter a TOF MS extraction region, where they were irradiated with infrared photons produced by the FHI FEL. 61 The absorption of multiple resonant photons resulted in the production of bare ions that were monitored by TOF MS, and the infrared spectrum was obtained as the integrated intensity in a given m/ z range as a function of the incident photon energy.
Candidate molybdenum oxide structures were optimized using DFT theory by applying the PBE exchange-correlation functional 64 augmented with vdW TS correction for long-range dispersion 65 with tight basis set settings using the FHI-aims all electron code. 66 For the lowest-energy structures found for each cluster, CCS values were calculated using the projection approximation, 67 and IR spectra were computed in the harmonic approximation. The details of the calculations as well as xyz-coordinates of optimized structures are given in the Supporting Information. Figure 1 shows typical nanoESI-TOF mass spectra obtained from molybdenum oxide solutions at pH 9 and 3. Under basic solution conditions (pH 9), signal from the singly charged monomolybdate ion (HMoO 4 − ) dominates the mass spectrum (Figure 1, top) . However, when the pH of the solution is decreased to 3, the HMoO 4 − peak is significantly reduced in intensity, and a series of peaks corresponding to doubly charged polyoxomolybdate ions appears (Mo n O 3n+1 2− , n = 2−11; Figure 1 , bottom). Singly charged polyoxomolybdate cluster ions (HMo n O 3n+1 1− , n = 1−8) are also detected at a lower relative intensity. Due to the broad isotopic distribution of molybdenum, overlap between the isotopic envelope of the singly charged and doubly charged polyoxomolybdate ions is observed in the mass spectrum for larger cluster sizes. The polyoxomolybdate ions generated from nanoESI of the pH 3 solution were analyzed utilizing IMS−MS to obtain ATDs and derive CCS values as well as to perform IR action spectroscopy experiments. The m/z-selected ATDs for most cluster ions were found to exhibit only a single peak ( Figure S1 To assess the changes in structure leading to the observed discontinuities in the CCS values of the doubly charged polyoxomolybdate clusters with size, the experimental CCS of each cluster was compared to the theoretical CCS values calculated for low-energy, DFT-optimized structures. The predicted CCS values for these structures are shown in Figure  2 as colored circles, and numerical values are listed in Table S1 of the Supporting Information. Three structural classes were considered: chain structures (blue circles), in which MoO 4 tetrahedra are connected via a bridging oxygen atom; ring structures (red circles), in which each molybdenum oxide unit is coordinated to two neighboring units; and compact structures (green circles), in which molybdenum oxide units exhibit a complex and often highly symmetric three-dimensional coordination. , several subfamilies of compact, three-dimensional structures were identified from DFT calculations, as shown in Figure S3 . The experimental CCS for Mo 7 O 22 2− matches most closely to a modified Lindqvist structure, in which the seventh molybdenum oxide unit is located external to a Lindqvist core. This structure is also predicted to be more stable than a compact symmetric structure incorporating all seven molybdenum oxide units. An expanded symmetric structure featuring a ring of six molybdenum oxide units was found to be 8.5 25 2− are shown in Figure S4 . To further probe the internal structure of the clusters, roomtemperature action spectra in the range of 700−1000 cm −1 were obtained using m/z-and CCS/z-selected IRMPD spectroscopy. Additionally, cold-ion action spectra were acquired on a separate instrument by m/z-selected IR action spectroscopy of cluster ions cooled to ∼0.4 K following capture in helium nanodroplets. Shown in Figure 3 are the spectra for Mo n O 3n+1 2− (n = 2−7) obtained using IRMPD spectroscopy (red) and action spectroscopy in helium nanodroplets (blue). The IRMPD spectrum of Mo 8 O 25 2− is Figure S4 of the Supporting Information. Upon initial inspection, both the IRMPD and the cold-ion IR spectra seem to fall into three groups: (a) spectra of n = 2 and 3, which are characterized by two narrow bands in the cold-ion IR spectrum (broad bands in the case of IRMPD), (b) spectra of n = 4 and 5, which show a significantly increased number of bands with shifted positions, and (c) spectra of n = 6 and 7, which exhibit a small number of intense bands. These groupings correlate well with the changes in CCS values visible in Figure 2 .
■ RESULTS AND DISCUSSION
Clearly, the IRMPD spectra are much broader than the corresponding cold-ion spectra. Although generation of the action signal in He nanodroplet IR spectroscopy requires the absorption of many photons, each absorption event occurs from the vibrational ground state of the cold ion at 0.4 K. 19, 21, 22 To generate the action signal in IRMPD spectra, on the other hand, multiple photons are absorbed without dissipation of energy to an external bath, leading to a gradual increase in cluster temperature during the several μs duration interaction time with the infrared radiation and ultimately resulting in dissociation. 16 The result is that anharmonicities as well as cross-anharmonicities can cause significant broadenings, shifts (in general to lower frequencies), and changes in relative intensities. In extreme cases, for very anharmonic modes, vibrational modes can shift out of resonance before sufficient energy to induce dissociation is deposited into the cluster, with the effect that such a mode is not observed in the IRMPD spectrum. This might be the reason why there is no IRMPD counterpart to the band in the cold-ion spectrum near 800 cm −1 for Mo 2 O 7 2− . The experimental CCS values for Mo n O 3n+1 2− clusters support a structural transition from linear to cyclic to three-dimensional motifs. Do the IR spectra support this assignment? Figure 4 compares the IR spectra obtained by the helium nanodroplet method (blue) to unscaled theoretical harmonic spectra convoluted with Gaussian distributions with a full width at half-maximum of 0.7% (gray). The corresponding cluster structures are shown to the right. With the exception of the case of Mo 7 O 22 2− vide infra, all structures represent the lowestenergy configuration found. In general, the agreement between theory and experiment is reasonable, verifying the transitions from linear to chain to three-dimensional clusters.
In the spectra, theory predicts the fundamental transitions of terminal oxygen stretching (Mo−O) modes to occur between 850 and 1000 cm −1 , whereas the fundamental transitions of antisymmetric Mo−O−Mo stretching modes are predicted between 700 and 850 cm −1
. In both experiment and theory, a blue-shift of the Mo−O stretching modes is observed with increasing cluster size, reflecting an increase in the strength of the terminal Mo−O bonds. Such a shift is in agreement with the experimentally observed increase in the energy of the Mo− O stretching mode in molybdenum oxide species supported on alumina with increasing molybdenum loading, 68, 69 which has been attributed to oligomerization of MoO 4 2− species. 70 In this respect, the present model studies are complementary to UHV studies of thin film models, 71 and contribute to an improved interpretation of the spectroscopic fingerprints observed in Mo-oxide-based functional materials. 72 2− (n = 2−7) obtained utilizing IRMPD spectroscopy of room-temperature ions (red) and IR spectroscopy of ions captured in helium nanodroplets (blue). Prominent changes in the spectra are observed between n = 3 and n = 4 as well as between n = 5 and n = 6, reflecting significant structural changes during growth of the polyoxomolybdate clusters. 16 2− , a comparison of the experimental IR spectrum to the theoretical spectra for all lowenergy structures is shown in Figure S2 .
An interesting case is the Mo 6 O 19 2− ion. In the experimental cold-ion IR spectrum, only two bands are observed (the bands marked with * originate from HMo 3 O 10 1− due to overlapping isotopic envelopes). Such a band pattern is expected for a highly symmetric structure, and indeed, theory predicts the highly symmetric Lindqvist structure to be lowest in energy. Its calculated spectrum features only two bands with frequencies that are in qualitative agreement with the experiment.
For larger clusters, candidate structures that are based on the Lindqvist motif are also plausible. For Mo 7 could not be isolated with m/z selection alone. Singly Charged Polyoxomolybdate Clusters. Shown in Figure 5 are the experimental and predicted CCS values for singly charged polyoxomolybdate clusters, HMo n O 3n+1 1− (n = 1− 8) plotted with respect to cluster size n. For comparison, the CCS values for the doubly charged Mo n O 3n+1 2− (n = 2−8) are shown as well. Compared to the doubly charged clusters, the evolution of CCS with cluster size is much smoother for the singly charged clusters. In particular, sharp discontinuities in CCS values are not observed between n = 3 and n = 4 or between n = 5 and n = 6. When comparing the CCS of singly charged clusters to the ones of the corresponding doubly charged species, the largest differences are observed for n = 3 and n = 5, for which the CCS values of the singly charged clusters are 17 and 20% lower, respectively. For the doubly charged clusters Mo n O 3n+1 2− , structural transitions to cyclic and three-dimensional compact clusters occur for n = 4 and n = 6, respectively. The large differences in CCS values between singly and doubly charged clusters for n = 3 and n = 5 could be explained by an earlier transition to cyclic and compact clusters, already occurring at those sizes.
Shown as circles in Figure 5 are CCS values calculated for low-energy theoretical structures (see Figure 6 ). Examining the structures yields interesting differences, compared to the doubly charged clusters. Theory predicts HMo 3 O 10 1− to indeed form a ring-like structure. However, the ring is formed by a bridging proton, which is bound to one oxygen with a bond length of 1.08 Å and is strongly hydrogen bound to an oxygen atom at the other end of the cluster with a hydrogen bond length of 1.39 Å. For HMo 5 O 16 1− , theory predicts a compact structure, in which the fifth molybdenum oxide unit is situated directly above a ring of four molybdenum oxide units. In the doubly charged Mo 5 O 16 2− cluster, this fifth unit is predicted to reside either outside a ring of four molybdenum oxide units ( Figure S2b) or as a constituent of the ring ( Figure S2c,d) , suggesting that the increased Coulombic repulsion in the doubly charged cluster destabilizes a compact conformation.
The structure of the singly charged polyoxomolybdate clusters were also investigated using infrared action spectroscopy ( Figure 6 ). Spectra were acquired for cluster sizes n = 1− 8 using the IRMPD method (red spectra), as CCS/z selection prior to IR irradiation provided separation of singly and doubly charged species with overlapping m/z. However, spectra collected by IR action spectroscopy in He nanodroplets were obtained only for n = 1−3 (blue spectra), as singly and doubly charged clusters with overlapping isotopic envelopes could not be probed individually in the experimental setup. The spectra predicted in the harmonic approximation for low-energy DFT structures are shown in gray for each cluster size, with the corresponding structure displayed to the right of the spectrum. Similar to the doubly charged clusters, a blue-shift of the terminal oxygen stretching modes is observed with increasing cluster size, and good agreement is observed between the predicted and experimental values for these modes.
For the smaller singly charged clusters for which He nanodroplet spectra were recorded, the cold-ion and theoretical spectra likewise show good agreement. For HMoO 4 1− , the cold IR spectrum shows only one band, while theory predicts a doublet accompanied by a weak satellite ). This might be below the zero-point level of that mode, resulting in free rotation, an effective increase in symmetry, and decrease of the number of distinct modes. Interestingly, for HMo 2 O 7 1− , four bands are predicted for the Mo−O stretching modes due to the structural asymmetry induced by the localized proton. However, only two bands are observed in the Mo−O stretching region in the He nanodroplet spectrum, suggesting a more symmetric structure, in which the proton is shared between oxygen moieties. For HMo 3 O 10 1− , the experimental and theoretical spectra show good agreement, further supporting the predicted noncovalent conformation featuring a strong intramolecular hydrogen bond. For larger clusters, for which only IRMPD spectra were acquired, a qualitative agreement between experiment and theory is also observed. In contrast to the doubly charged clusters, modified Lindqvist structures for HMo 7 O 22 1− and HMo 8 O 25 1− were found to be more stable than other candidate structures. Although the lack of cold-ion spectra hinders a detailed structural assignment, the combination of IRMPD and IMS−MS data yields a high degree of confidence in the overall geometry observed at each cluster size.
An important question is in how far do the here observed gas-phase structures have a relationship to those observed in the condensed phase. When comparing the gas-phase singly and doubly charged clusters, structural differences are observed that stem from Coulombic repulsion and the ability to form intramolecular hydrogen bonds. These interactions become even more crucial in the condensed phase, where it is observed that the choice of solvent and counterions can influence the structure in a defined way. 80 Nonetheless, there are quite some structural similarities between the here observed solvent as well as counterion free structures and the structures observed in the solid state.
For the Mo 2 and Mo 3 species, chain-like structures are observed in the gas phase. Similarly, the well-known crystal structures of di and trimolybdates in the solid state are composed of infinite polyhedral chains, however, showing considerable structural variety in connecting MoO 4 , MoO 5 , and MoO 6 units. 81, 82 Hydrothermal synthesis has been applied to tune the arrangement of the polyhedra by varying the nature of the counterion. 83 The basic units of the molybdenum− oxygen framework in crystalline di and trimolybdates correspond to the di and trinuclear species detected in the gas phase, whereas here, the molecular polyhedral arrangement adopts an equilibrium structure, because the Mo−O framework is not imposed by constraints due to the presence of counterions.
In the case of Mo 4 , the structure of the tetranuclear building block Mo 4 O 13 2− in the gas phase resembles the tetrameric unit in crystalline diammonium tetramolybdate prepared by hydrothermal synthesis. 84 The solid is formed by self-assembly of chains composed of Mo 4 O 13 2− units. Again, the intrinsic molecular structure of the unit with respect to polyhedral connection depends on synthesis and counterion and reveals a considerable structural diversity of crystal structures based on Mo 4 O 13 2− . 85 The here presented results on the Mo 5 species show that those species have a large structural variety, being cyclic for Mo 5 86−89 Finally for the hexamolybdate and larger species, structures based on the Lindqvist motif are observed in the gas phase. In the condensed phase, such a structure can be isolated by synthesis in nonaqueous environment or in the presence of large counterions. 90 
■ CONCLUSIONS
In summary, we report here an investigation of the structures of small polyoxomolybdate ions in the gas phase using the combination of ESI-IMS−MS, IRMPD, IR action spectroscopy in helium nanodroplets, and ab initio methods. Transfer of the species from solution to the gas phase allows for the structural interrogation of isolated cluster ions, circumventing the complexity and polydispersity encountered in traditional condensed-phase methods. Specifically, the ESI-IMS−MS method reveals transitions in the coordination of molybdenum oxide units with increasing cluster size. The infrared spectra collected in helium nanodroplets yield well-resolved spectral lines even for large cluster ions, providing potential benchmarks for theoretical calculations and spectroscopic character- The Journal of Physical Chemistry C Article ization of functional materials. Moreover, these highly resolved spectra show the potential of the helium nanodroplet method for characterization of the structure of catalytic nanoclusters or transient short-lived species. For doubly charged clusters, all experimental methods as well as theoretical predictions support transitions among chain, ring, and compact structural motifs as the number of molybdenum oxide units in the cluster increases. The addition of a single proton to form singly charged anion clusters is observed to strongly influence the adopted structure for some cluster sizes as a result of intramolecular hydrogen bonding and reduced Coulombic repulsion. When comparing the here observed structures to those in the condensed phase, we observe that some of the gasphase structures correspond to building units constituting the molybdenum oxide framework of well-known crystalline molybdate phases; however, structural rearrangements in the absence of solvation and crystal field effects are observed. The approach presented shows the utility of combining IMS−MS and IR action spectroscopy to obtain structural insights into metal oxide nanoclusters.
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